On the one hand, a "Brownian ratchet or trappingonly model" has been proposed to explain the role of mtHsp70 in unfolding and membrane translocation of preproteins. According to this model, movement of the polypeptide chain in the translocation channels of the On the other hand, it was proposed that mtHsp70 and (2) unfolding of preproteins requires an active moperforms an active motor function in protein import, tor function of mtHsp70 ("pulling"). Intragenic supparticularly in the unfolding of preproteins. According pressors of a mutant mtHsp70 separate two functions:
Schneider et al., 1994). We report that the trapping of preproteins by Ssc1-2 is severalfold enhanced and prolonged, questioning a coupling of trapping and unfolding of preproteins. We isolated suppressor mutations for the temperature-sensitive lethal effect of ssc1-2 and found intragenic suppressors that alleviate a subset of the Ssc1-2 defects. Analysis of these suppressors, as well as wild-type mitochondria, excludes the trappingonly model as explanation of the role of mtHsp70 in the import of tightly folded preproteins.
Results

Prolonged Interaction of Preproteins with Ssc1-2: Two Working Hypotheses on mtHsp70 Function
To compare the interaction of wild-type and mutant (Ssc1-2) mtHsp70 with substrate polypeptides, a radiolabeled preprotein commonly used for translocation studies, Su9 ( into question whether passive trapping of preproteins is sufficient for unfolding. We thus formulated two alternative hypotheses.
(1) The single amino acid alteration domains on the mitochondrial surface and thus would contradict the trapping-only model. of Ssc1-2 affects only one biochemical property, the release of bound substrate proteins. Retardation of the release (i.e., enhanced trapping) inhibits the reaction Suppressor Mutants of ssc1-2 Have Amino Acid Substitutions in the Peptide-Binding cycle of mtHsp70, leading to a general impairment of mtHsp70 function, including the defects in unfolding Domain of mtHsp70 To discriminate between the two alternative hypotheses of preproteins, interaction with Tim44, and folding of proteins. This hypothesis is fully compatible with the on the molecular mechanism of mtHsp70, we selected intragenic suppressor mutants of ssc1-2 and tested distrapping-only model, in that the roles of mtHsp70 can be explained by a single mechanism, the binding and tinct mtHsp70 properties. Six second-site suppressors that allow growth at the nonpermissive temperature of release of protein substrates. (2) The ssc1-2 mutation causes two separate biochemical defects. On the one 34ЊC were identified that map to two codons, both in the region encoding the peptide-binding domain, the hand, the enhanced trapping of preproteins by Ssc1-2 explains the folding defect, while on the other hand, the domain of the original ssc1-2 mutation (Figure 2A ). We conclude that the ssc1-2 mutation causes two disWe asked if the defects in folding and maturation of tinct conformational changes: formation of the 45 kDa proteins were related to the enhanced association of fragment instead of the 56 kDa fragment and a high preproteins with mtHsp70 observed in ssc1-2. Indeed, trypsin sensitivity of the full-length mtHsp70. The supboth suppressor mtHsp70s showed a strongly enhanced pressor mutations affect only the second alteration. and prolonged association with imported Su9(70)-DHFR ( Figure 4B, lanes 9-16; quantitation) , demonstrating that the suppressor mutations did not relieve this ssc1-2
The Suppressors Restore the Association of mtHsp70 with Tim44 and the Generation defect. The prolonged association of imported proteins with mtHsp70 thus explains the retardation of folding of an Inward-Directed Force on Membrane-Spanning Preproteins in ssc1-2 and suppressor mitochondria. However, the restoration of unfolding of preproteins is not coupled to As described above, preprotein unfolding during translocation is restored in the mitochondria from the supthese observations and points to a second independent effect of the ssc1-2 mutation (see Discussion and Table 1 ).
pressor strains. According to the pulling model of
The association of mtHsp70 with this inner membrane anchor was specific, as shown by the efficient dissociation in the presence of Mg-ATP ( Figure 6A, lanes 9, 11, and 12) . The restoration of mtHsp70 interaction with Tim44 by the suppressors provides a possible explanation for the restoration of the unfolding activity during protein import. To ask directly if the suppressors restore an effect on a membrane-spanning preprotein that is defective in ssc1-2 mitochondria, we used an established assay that monitors the tautness of the interaction of the preprotein against the outer membrane (Schwarz et al., 1993; Gä rtner et al., 1995; Bö mer et al., 1998). We utilized a fusion protein consisting of the 86 N-terminal amino acids of F o -ATPase subunit 9, a four-residue linker, and DHFR. In the presence of methotrexate, the DHFR domain is stabilized and prevented from entering the import channel (Eilers and Schatz, 1986). However, the subunit 9 portion is sufficiently long to be processed to the intermediate form (after residue 35) by the matrix-processing peptidase, since ‫05ف‬ residues are sufficient to span both mitochondrial membranes (Rassow et al., 1990; Ungermann et al., 1994). In wild-type mitochondria, the folded DHFR is tightly "pulled" against the outer membrane, and added protease cannot access and cleave the polypeptide segment immediately in front of DHFR. The tightness of the interaction is generated by both the membrane potential ⌬ and mtHsp70. When ⌬ is dissipated, the polypeptide chain begins sliding back and forth in the import channel and thus becomes accessible to protease. Therefore, the effectiveness of the generation of an inward-directed force on the membrane-spanning preprotein by mtHsp70 can be monitored by the rate of cleavage of the intermediate form by externally added protease after dissipation of ⌬.
We accumulated methotrexate-bound preprotein in mitochondrial import sites of wild-type and mutant mito- Table 1). lysed, and material bound to mtHsp70 was analyzed by coimmunoprecipitation.
Trapping of Preproteins Is Not Sufficient for
Generating an Inward-Directed Force translocation, the unfolding process would require the The results described above make it highly unlikely that interaction with the membrane anchor Tim44. Therefore, trapping of a preprotein by mtHsp70 is sufficient for the complex between mtHsp70 and Tim44 was analyzed driving the unfolding/pulling of a preprotein. However, by lysing mitochondria with nonionic detergent followed since the unfolding function is related to the association by coprecipitation with antibodies directed against of mtHsp70 with Tim44, according to a trapping-only Tim44 ( Figure 6A, lane 5) . The disruption of this associamodel, it may be argued that the interaction of mtHsp70 tion in ssc1-2 ( Figure 6A, lane 6) Figure 6A, lanes 7 and 8) . To obtain direct experimental evidence regarding this Discussion issue, we arrested membrane-spanning intermediates as described above with wild-type mitochondria using
We report that trapping of a preprotein by mtHsp70 is not sufficient to drive the unfolding of preprotein dothe preprotein b 2 (167)⌬-DHFR. Previously, it was reported that at low levels of matrix ATP the preprotein slid mains on the mitochondrial surface prior to translocation. Intensive discussion of the alternative models of back in the import channel, as evidenced by increased accessibility to added protease (Schwarz et based on the analysis of the point mutant ssc1-2 and intragenic suppressors that reverse some, but not all, of functional Tim44-mtHsp70 system. The mitochondria were reisolated and split into two samples, one of which its defects. ssc1-2 mitochondria are defective in both the unfolding of tightly folded preproteins during translocawas depleted of ATP ( Figure 7A ). Then the ⌬ was dissipated, and each sample was analyzed over time by two tion and their subsequent folding after translocation. Moreover, the interaction of Ssc1-2 with Tim44 is deparallel methods: determination of the protease accessibility of the accumulated preprotein to assay for generafective. We report here that Ssc1-2 has a prolonged interaction with incoming precursor proteins, causing tion of an inward-directed force ( Figure 7B, lanes 1-8) , and coimmunoprecipitation of the radiolabeled precuran enhanced trapping activity (Table 1) . This enhanced trapping explains the folding defect due to a retarded sor to assay for trapping by mtHsp70 ( Figure 7B, lanes  9-16) . As expected, at a low level of ATP the inwardrelease of proteins in the matrix yet implies that trapping of a preprotein is not sufficient to generate a pulling directed force generated on the preprotein was decreased ( Figure 7B, lanes 5-8) compared to the samples force, that is, to drive unfolding on the mitochondrial surface. that were kept at high ATP in the final incubation (Figure 7B, samples 1-4) . However, the association of the Analysis of intragenic suppressor mutations of ssc1-2 revealed that these two biochemical defects, enhanced membrane-spanning intermediate form with mtHsp70 (trapping) was increased under the low ATP conditions trapping of preproteins and defective interaction with Tim44, are separable. The suppressors reestablish the ( Figure 7B, lanes 13-16; compare to lanes 9-12) . Quantitation of the results ( Figure 7C) demonstrates that trapTim44 interaction, but the prolonged interaction with protein substrates persists. The reestablishment of the ping was enhanced by the subsequent ATP depletion, but the force generation on the membrane-spanning Tim44 interaction correlated with the recovery of the ability of mitochondria to unfold preproteins (Table 1) . preprotein was decreased.
We also analyzed the fusion protein Su9(86)-DHFR, which has an N-terminal extension so short that, after methotrexate arrest and cleavage to the intermediate Table 1 The folding defect was not corrected, in agreement with the assumption that this defect is due to the increased trapping of proteins. Therefore, it is highly unlikely that show here that even under conditions where the initial interaction of wild-type mtHsp70 with Tim44 is normal, trapping is the causative mechanism for unfolding of preproteins.
leading to loading of the preprotein directly at the protein import site, the increased trapping activity found upon These results could be compatible with the trappingonly model if the role of Tim44 was restricted to increase depletion of ATP is not correlated with a strong import driving force (pulling). Therefore, the trapping-only the local concentration of mtHsp70 at the protein import site. Due to the high concentration of mtHsp70 in the model can be excluded as an explanation for our results.
Previous results indicate that the diffusion rates of mitochondrial matrix and its excess over incoming preproteins, this possibility seems unlikely. In addition, we preproteins in the import channel are very low compared Mitochondria were immediately lysed in lysis buffer (100 mM NaCl, carrying the ssc1-2 and wild-type SSC1 alleles under the control of 10 mM Tris-HCl [pH 7.5], 5 mM EDTA, and 0.3% Triton X-100) conits own promoter in CMV2 and CMV3, respectively. Strains CMV201, taining 180 g/ml proteinase K. After incubation for 10 min at 0ЊC, CMV202, CMV203, and CMV204 carry the ssc1-201, ssc1-202, ssc1-203, and ssc1-204 alleles, respectively. digestion was stopped by addition of 1 mM PMSF. After a clarifying
